It is often desirable to compute the uncollided component (direct from the source) of a detected particle flux using some form of ray-tracing, which in one-dimensional spherical geometries is extremely economical. A simple method for treating a flat shield exactly, within the context of spherical ray-tracing, is presented. A method for treating a cylindrical shield approximately, using the average value of the azimuthal angle for each value of the polar angle that is used in the spherical ray-tracing, is presented. The source remains spherical. The methods are verified numerically with a test problem that also shows the importance of these corrections.
Introduction

1
It is often desirable to compute the uncollided component (direct from the source) of a detected particle flux [1] . In many cases, the uncollided component might be the only part that is needed -for example, the scattering, background, and detector effects can be removed from a gamma-ray spectrum, leaving only the uncollided peaks. Ray-tracing is an important tool for determining the contribution of uncollided particles. We consider a one-dimensional spherical source-shield system of nested homogeneous materials with an external detector measuring the uncollided flux. Ray-tracing the uncollided flux through this geometry is extremely fast, requiring only a numerical integral over the polar angle between 0 (a ray from the detector to the object center) and the angle that subtends the outermost source radius [2] . The geometry is symmetric with respect to the azimuthal angle.
Spherical ray-tracing in this situation can easily be extended to account exactly for the case when the outermost shield layers are flat, rather than spherical. Spherical ray-tracing can be extended to account for the case when the outermost layers are cylindrical, rather than spherical, but only approximately because the real geometry is not symmetric with respect to the azimuthal angle.
This paper describes these extensions to spherical ray-tracing and presents numerical test problems.
Sphere-to-plane correction
Consider the system shown in Figure 1 . The sphere will be converted to a plane (the "box") in the *Corresponding author. Email: fave@lanl.gov ray-tracing code. The distance from the center of the sphere to the detector is r d . The radius of the sphere is r p . Draw a ray through the geometry from the detector point; the ray makes an angle θ with the line connecting the center of the sphere and the detector. Half of the track-length that the ray makes through the sphere is called a and the extra track length that will be added when the sphere becomes a plane is called b. The distance from the detector point to the plane along the ray is called c. With these definitions, it is clear that Thus, all that is needed is a flag to the spherical ray-tracing code that an input radius is actually meant to be treated as a plane. In general, this correction should only be applied in this way to the outer surfaces. An exterior multilayered flat shield may be treated in this way, but no flat surface should be inside a real spherical surface. Furthermore, because this method essentially makes the plane infinite, spherical sources must not be converted to flat sources in this manner.
Sphere-to-cylinder correction
Consider a Cartesian coordinate system with its origin on the axis of a right circular cylinder of radius R and let that axis be coincident with the z axis of the coordinate system. See 
Now solve for g: that same point. The required distance g is the difference of these terms, so the minus sign is chosen in evaluating Eq. (15). We now specialize to the case when the point (x d , y d , z d ) is actually the detector point. Let it lie on the y axis "behind" the cylinder, so the point becomes (0, -r d , z d ) and any ray from there to the cylinder points in the positive y direction, so v is always positive. Let the cylinder radius R be r c , the radius of the sphere that will be transformed to the cylinder of the same radius (akin to the r p of Sec. 2). Equation (15) becomes 
Results
The conversion of a spherical shield surface to a flat shield surface or a curved cylindrical surface within a one-dimensional spherical ray-tracing code [2] was tested numerically using a 10-kg highly enriched uranium sphere (94.73% 235 U, 5.27% 238 U by weight; density 18.74 g/cm 3 ; radius 5.03169 cm) centered within a stainless steel (density 7.86 g/cm 3 ) box (flat walls) or can (cylindrical walls) with walls 1 cm thick. Reference results were computed using MCNP [6] with the multidimensional geometries and a point detector scoring uncollided photons only. The detector is 100 cm from the center of the source. The errors in the corrected spherical ray-tracing, relative to the reference results, for a low-energy gamma-ray line from uranium are shown in Figure 3 . These are the diamonds and squares with values close to 0. The effect of using an average value of the azimuthal angle is seen when the cylindrical shield is close to the source. These errors are compared with the errors made when the box and cylinder shields are assumed to be spherical for purposes of spherical ray-tracing, which are 27% and 16%, respectively, when the shield is close to the source. Correcting for nonspherical shields is less important when the shield is far from the source.
Conclusion
Spherical ray-tracing for uncollided photon fluxes is very fast, but it is often not appropriate to be used when shielding is flat or cylindrical, even when the source is spherical. In this paper, corrections are derived for spherical ray-tracing codes to account for flat or cylindrical shielding. The corrections are made only to the shielding, not the source; only for the outermost layers of shielding; and only for the case when a line connecting the detector with the center of the source is orthogonal to the shielding. The equations could be corrected to account for non-orthogonal cases, but the sphere-to-flat correction would then be approximate, not exact, if the average-azimuthal-angle method were used.
Obviously, spherical ray-tracing cannot accommodate every situation the analyst faces. As the problem gets more complex, eventually a more exact geometric treatment will be necessary. However, if the source is spherical and it is important to account for flat or cylindrical shielding, then the methods of this paper can be implemented.
